Abstract. Error fields have been detected and measured using the flux surface mapping diagnostic system on Wendelstein 7-X (W7-X). A low-field ' ι -= 1/2' magnetic configuration ( ι -= ι/2π), sensitive to error fields, was developed in order to detect their presence using the flux surface mapping diagnostic. In this configuration, a vacuum flux surface with rotational transform of n/m = 1/2 is created at the mid-radius of the configuration. If no error fields are present a small n/m = 5/10 island chain should be present. Modeling indicates that if an n = 1 perturbing field is applied by the trim coils, a large n/m = 1/2 island chain will be opened. This island chain is used to create a perturbation large enough to be imaged by the diagnostic. Phase and amplitude scans of the applied field allow the measurement of a small ∼ 0.04 m intrinsic island chain with a 140 o phase relative to the first module of the W7-X experiment. These error fields are determined to be small and easily correctable by the trim coil system.
Introduction
The W7-X experiment has been designed to achieve high plasma performance through careful optimization of both the magnetic geometry and topology [1, 2] . Thus the assessment and compensation of magnetic fields which are detrimental to the experiment plays a key role in achieving high performance. In particular, it has been shown that error fields with toroidal mode number n = 1 can overload divertor targets at relatively modest levels of (relative) error field amplitude. Such fields can arise from a variety of sources including coil assembly [3] , ferritic materials, and superconducting coil motion [4] . To compensate such fields, five water cooled copper trim coils have been installed outside the cryostat of the device [5, 6] . These coils serve a dual purpose as they can be used to both compensate error field effects and introduce an error field in a controlled manner. Figure 1 depicts the location of the trim coils relative to plasma of W7-X, along with the flux surface mapping diagnostic. In this work, the trim coils were used to create a large magnetic island which could be directly imaged via the flux surface mapping diagnostic in W7-X. This provides us with the first measurement of error fields in the W7-X experiment.
Flux surface measurement is a capability unique to stellarators and heliotrons, due to the presence of flux surfaces in vacuum [7, 8, 9] . This diagnostic technique uses a beam of electrons to trace out the magnetic field lines of the device. This is possible because, in vacuum, the electrons will stay tied to the magnetic field lines on which they start. If a trace amount of background gas is puffed into the vacuum vessel a light trace is generated, which can then be imaged by a camera. This is due to the inelastic collisional excitation of the gas by the electron beam. Alternatively, a fluorescent screen or swept rod may be used to image a flux surface, producing a Poincaré-like plot. This second method relies on the electron beam making many passes through the device. On each pass, the beam causes the rod or screen to fluoresce. In W7-X a hybrid rodemitter system is used [10] . In this system, two fluorescent rods (a third is prepared for installation after the initial operation phase) with electron emitters are installed on the machine, allowing one rod to serve as the emitter while the other sweeps across the electron beam while being imaged by a camera. What makes this diagnostic technique even more interesting is that it require no plasma. Thus it avoids complications added by interpreting signals in terms of plasma response models. Moreover, it can be preformed before a stellarator or heliotron is fully operational, providing insights into the device before plasma operation begins.
A new magnetic configuration, the ' ι -= 1/2', was developed so that flux surface mapping could begin to provide information about the intrinsic error fields of W7-X. In this configuration, a flux surface with rotational transform ( ι -= n/m) of 1/2 is present halfway between the magnetic axis and inboard limiter (figure 2). If no error fields were present, such a configuration is expected to have a vanishingly small n/m = 5/10 island chain present at this surface. The presence of error fields (intrinsic or applied by the trim coils) will open an island chain at this surface. In the following sections, measurements are presented investigating this magnetic configuration in W7-X. In the next section, the diagnostic configuration and development of a synthetic flux surface mapping diagnostic are described. In section 3, the diagnostic measurements are presented for various applied trim coil fields. In section 4, estimates are made of the error fields in W7-X from the flux surface measurements. Finally, in section 5 the results are summarized and their implications on plasma operations are discussed.
Methods
In this work, simulations informed the development of the ' ι -= 1/2' configuration so that flux surface measurements could be made which probed the error field of W7-X. The simulation work involved field line tracing in vacuum fields and the development of a synthetic diagnostic for flux surface mapping. Development of the synthetic diagnostic directly tied the simulations to the geometric realities of the experiment. With the configuration established, experiments involving the application of trim coil fields could be conducted. To simulate the trajectories of magnetic field lines in vacuum, the FIELDLINES code was developed in parallel with a second web-based service for W7-X [11] . The equation of motion for a particle tracing out a magnetic field line is rather simple
where x is position, t time, and B the magnetic field. This may be rewritten in cylindrical coordinates to eliminate the time dependence from the equations
where R, Z, and φ are the cylindrical radial, vertical and toridal coordinates respectively. Thus tracing the trajectory of a field line becomes the task of solving a rather trivial set of ordinary differential equations (ODEs). It is important to note that these equations will trace out field lines which lay on flux surfaces along with those which lay in magnetic islands or stochastic regions. The FIELDLINES code constructs cubic hermite polonomial splines [12] of the magnetic field using an accurate Biot-Savart integration method [13] . Integration of the ODEs is performed using one of three methods (advanced Adams [14] , LSODE [15] , or Runge-Kutta [16] ). The code also contains diagnostic routines for finding periodic orbits [17] . These routines are used for magnetic axis location, X-point location, and to trace out the unstable (stable) manifolds associated with periodic orbits. While tracing individual field lines provides a useful tool it can often times be difficult to compare to flux surface measurements. In figure 3 , a Poincaré trace using the FIELDLINES code is compared to flux surface mapping conducted in the WEGA stellarator [8] . While both appear qualitatively similar, details in the Poincaré plot do not appear in the flux surface mapping image. Additionally, features present in the experimental image are hard to discern in the Poincaré plot. Such difficulties motivated the development of a synthetic diagnostic capable of mimicking the experimental setup.
In order to develop such a synthetic diagnostic, the unique geometry of the actual diagnostic in W7-X must be taken into account as well. This includes the location of the emitter, location (and orientation) of the plane swept by the fluorescent rod, and the view parameters of the camera itself. Poincaré traces are started from the actual emitter location as defined by the port structure, manipulator insertion length, and rod angle. The rod itself does not sweep in a constant toroidal plane (Figure 4 ), unlike most Poincaré tracing codes which assume constant toroidal cuts (φ constant). To accommodate this geometry a 'transparent' wall surface was implemented in the FIELDLINES code. This surface records where a particle strikes but continues the integration of the particle trajectory (unlike a real wall which would stop the integration). The wall model itself is defined as a tessellated triangular mesh allowing it to describe arbitrary surface shapes. In this case, the rod traces out a rather simple plane. In order to generate an accurate image of these points, the camera itself must be modeled as well. For this task a simple pinhole camera model was assumed. In order to calibrate spatial location of the camera, four light fibers were installed in the carbon wall tiles. The locations of the fibers were measured to a high degree of accuracy after installation. Using these positions a synthetic image of the fibers can be compared against measured data. The simulated camera position, rotation, pointing direction, and focal length can then be modified to provide a best fit to the measured location of the light fibers. Such fitting showed that the camera in the AEQ21 port was rotated by 14.5957 o , had a focal length of 16.1095 mm, was located 10.1735 mm behind the port flange, and was misaligned to the port normal vector by 2.3703 o (figure 5 looking at the detection plane of the manipulator in AEV30 in module 3). These values are consistent with the estimated parameters of the installation. Such information allows each pixel of the camera to be mapped to real space co-ordinates as defined by the manipulator geometry. Measurement of error fields using this diagnostic required that a configuration be developed which responds to the presence of such fields. The majority of pre-defined coil current configurations in W7-X avoid flux surfaces with low order rational rotational transform in the bulk plasma. This is accomplished through a combination of low shear and careful configuration choice. The experiment itself was designed to be robust to the effects of error fields. To measure the error fields, a special configuration was developed with an ι -= 1/2 surface present at the mid radius of the vacuum flux surfaces. This was achieved by lowering the currents in non-planar coils while fixing the current in the planar coils at 5 kA (Table 1) . This results in a much lower field (∼ 0.3 T ) than found during plasma operation (∼ 2.5 T ). While not feasible for plasma operation, such a low field is acceptable for flux surface mapping. Additionally, care was taken to vary the non-planar coil currents to achieve two goals. The first being to increase the shear of the configuration, thus minimizing emitter self-shadowing of the electron beam after two passes (m = 2, n = 1 field line pitch). The second being to move the configuration farther from the limiter structure. The resulting configuration contained only a small n/m = 5/10 island chain when evaluated using the ideal coil set, but allowed a large n/m = 1/2 island chain to be opened by application of the trim coils (figure 6). Thus a configuration had been developed which responded to error fields with n = 1 character in a unique way (the m = 2 island chain).
Results
Measurements of the n = 1 error field in W7-X were performed using the ι -= 1/2 configuration and the flux surface mapping diagnostic. An initial attempt was made to image any island chain which may arise from an intrinsic error field. This failed to resolve any surfaces near the ι -= 1/2 resonance due to emitter self-shadowing. Mappings of the flux surfaces with the trim coils energized in an n = 1 pattern were then performed. Island width scaling with applied trim coil field was investigated along with the phase of the applied field. For all finite amplitudes and phases an, m = 2, n = 1 island chain was clearly resolved. These experiments provided a wealth of data for analysis.
Attempts to directly image an island chain due to intrinsic error fields proved difficult due to self-shadowing of the emitter arm. Figure 7 is a composite image of many emitter positions scanning radially outward. The line of bright dots indicates the first and second passes of the emitter beam. Flux surfaces in the inner radial regions can be clearly seen encircling the magnetic axis of the configuration. These surfaces are missing about half their trace due to shadowing effects. A large dark annular region is present due to self-shadowing of the emitter beam. This prevented a direct imaging of the magnetic topology near the ι -= 1/2 surface. Farther outside this region the flux surface traces return but with additional features which are attributed to an interaction of the fluorescent rod and beam itself. However, the self-shadowing effect is still present at higher field levels. The final radial point made only one transit, presumably hitting a limiter structure.
The self-shadowing of the emitter beam is a reality of any configuration, with low shear and near a rational surface. At the ι -= 1/2 surface a field line will make two passes around the machine before returning exactly to the position from which the trace was started. As the emitter moves away from this rational surface the trace just misses the starting position allowing more passes of the field line trajectory. The finite thickness of the emitter rod then translates to a finite annular region around the rational surface wherein the electron beam is in the shadow of the emitter. Figure 8 was taken from the camera sitting in the AEQ51 port, viewing the emitter rod. Argon gas has been puffed into the vessel, allowing the electron beam to be clearly visualized. The beam clearly makes two passes before hitting the back of the emitter beam causing a bright fluorescent spot on the back of the rod.
The presence of the braided looking flux surfaces in the region exterior to the ι -= 1/2 surface is attributed to an interaction between the fluorescent rod and the electron beam. Figure 9 compares two visualizations, one in which the rod is swept and one in which it is not. The image in which the rod is swept indicates the presence of a blurred or braided flux surface, while the image in which the rod is not swept shows no such feature. The fact that the first ∼ 20 passes of the beam are clearly visible and regular seem to indicate that this is not a stochastic or ergodic region. The exact nature of these edge features is unknown but may be due to charging of a small insulating ceramic on the swept rod and the associated E × B drift of the electrons.
Since the intrinsic island chain could not be imaged, the trim coils were used to open the n/m = 1/2 island chain by applying an n = 1 waveform at 50, 100, and 200 A peak trim coil current. Figure 10 shows three false-color composite images at each of these trim coil amplitudes. At 50 A current the island is still not directly imaged but small interior flux surface like features are present along with a deformation of the outer flux surface consistent with the presence of an island. The 100 and 200 A cases, clearly resolve the separatrix of an island with m = 2 character. In the 200 A case surface interior to the island are partially imaged. A scan of the applied trim coil phase was conducted locking the peak amplitude of the n = 1 field to a trim coil at 100 A. Figure 11 compares the composite images from each phase. The island chain clearly rotates as the applied field is rotated, in this context phase is defined in terms of center of the trim coil in module 1 (counterclockwise as view from above is taken to be the positive direction, the positive toroidal magnetic field direction). For 0 o phase the islands appear the smallest and are least discernible. The separatrix was clearly visible at the 72 o phase. It was for this reason that the amplitude scans were performed at this phase. The 288 o phase allowed partial flux surfaces inside the island chain to be imaged. As in the case with no applied trim coil field, the edge surfaces appear to distort due to the electron-beam interaction with the sweeping rod.
Analysis
The data from the previous section can be further analyzed to determine the minimum detectable island chain, the width of the intrinsic island chain, and the phase of the intrinsic error field. The minimum detectable island chain is set by the shear of the magnetic configuration and emitter shadowing. We can ask the question how large must an island become for the second pass of the electron beam to miss the emitter. By examining the scaling of the island width with applied trim coil current, the size of the intrinsic island may be determined. The island width dependance on applied trim coil phase allows the phase of the intrinsic error field to be determined.
The minimum detectable island width may be determined by examining how far a field line moves in the plane from which it is launched. In our case, the second full toroidal pass will be of interest, as this is the pass which would fall within the shadow of the emitter rod. For simplicity, we treat the emission plane as being in a constant toroidal plane (a close approximation to the real system). We take the rod to be 12 mm wide (electron gun is 10 mm wide), inclined with respect to the vertical direction in the poloidal plane by 14 o , and inclined with respect to the vertical direction in the toroidal direction by 24
o . Using these values we can approximate a field line as shadowed if it does not move at least 0.18 m in the vertical direction after two passes. This gives us an annular region which is ∼ 0.13 m wide, where only two passes will be recorded. This is in approximate agreement with experimental measures showing a ∼ 0.10 m region where flux surface were not detected (see figure 7) . A more sophisticated analysis using the synthetic diagnostic is left to future work.
Although an intrinsic island may be too small to be directly visualized, the trim coil amplitude scaling scan can be used to determine the size of the intrinsic island. We note that the island width (in the small width limit) can be predicted by [18] 
where R 0 is the major radius, B mn is the amplitude of the resonant harmonic, m is the poloidal harmonic, B 0 is the total magnetic field strength, and ι -= d ι -/dρ is the Figure 12 . Plot of island widths obtained from flux surface mappings scanning applied trim coil field. Scaling of both lobes of the island suggest a small residual island is present at zero applied trim coil current.
magnetic shear across the rational surface. Here we can equate the resonant harmonic with the amplitude of the applied n = 1 trim coil field. This gives us the relation that
where I trim is the maximum current in the trim coils. To map the experimental data to real space we use the conversion that 1 pixel is equal to 1/6 cm, a number obtained from the synthetic diagnostic of the camera image. Figure 12 depicts the scaling of island widths due to applied trim coil currents. The scaling suggests that at zero applied trim coil current, the island width should be ∼ 4 cm. This would also equate to an island produced by 10 A peak trim coil current. Scaling the low field of the ι -= 1/2 configuration to the nominal 2.5 T plasma operation field, we find that the trim coil currents must be scaled as well. This suggests that such an error could be corrected at 2.5 T using only 80 A peak trim coil current, which is ∼ 4 % the maximum rated peak coil current of 2000 A. It should be noted that this analysis is for the m = 2 harmonic, while the m = 1 harmonic is predicted to be larger. Inspection of the trim coil phase scan shows both a dependence of island width and island phase on the applied trim coil phase. As the trim coil fields and error field linearly superimpose, it can be expected that the island width would be a minimum when the trim coil phase directly opposes the intrinsic island phase. Similarly, when the phases align the island chain should be large. Figure 13 depicts the island width dependence on applied trim coil phase. Fitting a sine wave to the data points (w (θ) = A * sin (θ + B) + C), a minimum around ∼ −40 o is clearly present for both island chains. This is suggestive of an intrinsic error field with a phase of ∼ 140 o . Only one outlier exists for this dataset, and it's value is attributed to difficulties determining an accurate island width for that image.
Discussion
Using a newly developed magnetic configuration, the ' ι -= 1/2' configuration, the first error fields in W7-X have been detected using the flux surface mapping diagnostic. In these set of experiments, the trim coils were exercised to open a n/m = 1/2 island chain which could be clearly imaged. The small intrinsic island chain due to an error field could not be imaged due to electron beam emitter shadowing. However, a scan of trim coil amplitude using an n = 1 waveform revealed the possibility of a ∼ 4 cm intrinsic island chain. Scans of the phase of the applied n = 1 field suggest the error field has a phase of ∼ 140 o relative to module 1. Correction of such an error field at 2.5 T would require ∼ 4% of the total available trim coil current.
While the measurement of the n/m = 1/2 error field provides insight into the presence of error fields, one may ask if anything about the n/m = 1/1 error field can be inferred. If the source of the error field is the same, then measuring one confirms the presence of the other. However, to make a solid statement regarding the n/m = 1/1 error field requires additional modeling. Such modeling is left to future work, specifically at a time when the superconducting coil misalignment data has been fully processed. Additionally, experiments are planned to directly assess the n/m = 1/1 error field after the first experimental campaign. It should be noted that since these measurements were made at low field, a direct comparison with the as-measured coil positions is possible. At low field, the coils should have minimal electromagnetic force deformation. Modeling of this configuration may provide confirmation of coil positioning. This is valuable because the superconducting coil positions were measured before cool-down and before the vessel baking.
It should also be noted that at the time of these experiments, a large amount of black steel scaffolding was distributed around the torus hall, providing an additional source of error fields. These have since been replaced with aluminium scaffolding. The experiments presented here will be repeated to confirm the effect of the scaffolding.
This exercise also highlights a desirable feature regarding reactor construction, namely the measurement and assessment of error fields before plasma operation. One could envision a stellarator reactor with large perturbing coils placed outside the cryostat (and possibly outside the bio-shield). The error fields could then be measured well in advance of plasma operation. If these coils were relocatable, a more optimized set of correcting coils could be installed on the device. This could ease assembly tolerances, avoid in-vessel coils, and overall reduce the construction cost of the reactor.
